The murine coronavirus mouse hepatitis virus (MHV) induced the expression of type I interferon (alpha/ beta interferon [IFN-␣/␤]) in mouse oligodendrocytic N20.1 cells. This induction is completely dependent on virus replication, since infection with UV light-inactivated virus could no longer induce IFN-␣/␤. We show that MHV infection activated both transcription factors, the IFN regulatory factor 3 (IRF-3) and nuclear factor B (NF-B), as evidenced by phosphorylation and nuclear translocation of IRF-3 and an increased promoter binding activity for IRF-3 and NF-B. Furthermore, the cytoplasmic pattern recognition receptor retinoic acid-inducible gene I (RIG-I) was induced by MHV infection. Knockdown of RIG-I by small interfering RNAs blocked the activation of IRF-3 and subsequent IFN-␣/␤ production induced by MHV infection. Knockdown of another cytoplasmic receptor, the melanoma-differentiation-associated gene 5 (MDA5), by small interfering RNAs also blocked IFN-␤ induction. These results demonstrate that MHV is recognized by both RIG-I and MDA5 and induces IFN-␣/␤ through the activation of the IRF-3 signaling pathway. However, knockdown of RIG-I only partially blocked NF-B activity induced by MHV infection and inhibition of NF-B activity by a decoy peptide inhibitor had little effect on IFN-␣/␤ production. These data suggest that activation of the NF-B pathway might not play a critical role in IFN-␣/␤ induction by MHV infection in oligodendrocytes.
Innate immune response is the first line of host defense against invading microorganisms and ultimately regulates the adaptive immune response generated by both T and B cells (27, 33) . The innate immune system recognizes conserved molecular structures expressed by diverse groups of pathogens, known as pathogen-associated molecular patterns (PAMPs), through specific pathogen recognition receptor (PRR) molecules, which initiate signaling pathways that ultimately lead to the expression of antiviral genes (1, 4, 5, 11, 16, 17, 30, 49) . Type I interferons (alpha/beta interferon [IFN-␣/␤]) represent the most critical innate antiviral genes. For RNA viruses, double-stranded RNAs (dsRNAs) and single-stranded RNAs (ssRNAs), which are either present in viral genomes or generated during viral replication, are two major PAMPs and can be detected by most cell types through Toll-like receptor (TLR)-dependent and TLR-independent molecules (1, 4) . TLR-3 is the first identified PRR that specifically recognizes dsRNA (2) . It is present on the cell surface or in the lumen of the endosomes. TLR-3 interacts with incoming viral dsRNA through its N-terminal leucine-rich repeat domain, resulting in the recruitment of adaptor molecules, such as TRIF (Toll/ interleukin-1 [IL-1] receptor domain containing adaptor inducing IFN-␤) (28, 29, 32, 46) . TRIF subsequently interacts with several kinases, leading to the activation of transcription factors nuclear factor B (NF-B) and IFN regulatory factor 3 (IRF-3) (1, 4, 17, 25, 26) . Retinoic acid-inducible gene I (RIG-I) and melanoma-differentiation-associated gene 5 (MDA5) are two related cytoplasmic RNA helicases that have been shown to serve as cytosolic cellular sensors for RNA viruses, independently of TLR (42, 49, 50) . RIG-I contains two caspase recruitment domain (CARD)-like motifs near its N terminus and a downstream DExD/H-box helicase domain. Binding of cytoplasmic viral dsRNA or 5Ј-triphosphate RNA (3p-RNA) with the RIG-I helicase domain results in a conformational change of RIG-I, allowing its CARD to recruit a CARD-containing adaptor, eventually leading to the activation and nuclear translocation of IRF-3 and NF-B (4, 7, 8, 10, 18, 39, 45) . Along with ATF-2-c-Jun, these transcription factors bind to different regions on the promoter of the IFN-␤ gene in the nucleus and lead to expression of the antiviral IFN-␤ and/or proinflammatory cytokine genes (24, 47) . Once IFN-␤ is produced and secreted, it interacts with the heterodimeric IFN receptor (IFNR) on neighboring cells, leading to further amplification of IFN-␤ and induction of IFN-␣ and more than 100 IFN-stimulated genes (ISGs), which ultimately leads to the establishment of an "antiviral state" (9, 34, 38) .
The murine coronavirus mouse hepatitis virus (MHV) is an enveloped, single-stranded RNA virus. The viral genome is a positive-sense RNA, capped at the 5Ј end and polyadenylated at the 3Ј end, and contains multiple open reading frames (20) . During cell entry, the viral genome is delivered to the cytoplasm either at the cell surface through fusion between viral envelope and plasma membrane or from the endosome following endocytosis (31) . Once in the cytoplasm, the genomic RNA is transported to the endoplasmic reticulum (ER) (53) where the 5Ј-end open reading frame of the viral genome is translated into a polymerase polyprotein, which is then cleaved into 16 nonstructural proteins (nsp's) (40) . These nsp's form replication complexes that are associated with double-mem-branous vesicles derived from modified ER membranes (12, 19) . The RNA polymerase complex synthesizes a nested set of genomic and subgenomic mRNAs and negative-strand counterparts as well as their corresponding dsRNA replication intermediates that can potentially be the source for recognition by the cytoplasmic PRRs.
MHV can infect rodents and cause diseases of the central nervous system (CNS) that range from acute fulminant fatal encephalitis to chronic demyelination. However, the severity of CNS disease is significantly influenced by both viral genetics and host factors. While the roles of an adaptive immune response in the pathogenesis of MHV-caused CNS diseases have been relatively well studied in the past, information about the contribution of antiviral innate immunity is rather limited (3, 35) . Previous studies have shown that MHV infection in fibroblast cells does not induce type I IFNs (37, 44, 48, 52) . It has been suggested that the inability of MHV to induce type I IFN is likely due to masking of viral dsRNAs in double-membranous vesicles during replication and preventing them from being recognized by cellular PRRs (44, 52) . This is a logical assumption since MHV infection in the same fibroblast cells did not inhibit IFN-␣/␤ production induced by doublestranded RNAs or Sendai virus (52) . It has also been reported that MHV replication is insensitive to treatment with type I interferon in fibroblast cells and that this insensitivity is partially attributable to the expression of a viral IFN antagonist (48) . In contrast, MHV replication was significantly enhanced in the CNS of IFNR-knockout mice compared to the wild-type mice, suggesting that virus replication is sensitive to type I IFN response in vivo (13, 36) . Further, it has been recently shown that MHV infection induces type I IFNs in primary brain macrophages and microglia but not in primary neurons or astrocytes, a finding which correlates with virus replication and disease severity (36) . These results suggest that type I IFNs play an important role in MHV replication and in pathogenesis of the CNS diseases. Taken together, these published data indicate that the ability of MHV to induce type I IFNs is cell type specific.
During the course of studying MHV infection in oligodendrocytes, we noticed that MHV replication is severely restricted. We then searched for potential antiviral factors that might be induced in MHV-infected oligodendrocytes. We discovered that MHV infection indeed induced type I IFNs. We further found that RIG-I was upregulated by MHV infection and that viral recognition by RIG-I and MDA5 is the driving force for the activation of IRF-3 and the ensuing induction of IFN-␣/␤. Production of IFN-␣/␤ is likely an important factor in restricting subsequent MHV replication in oligodendrocytes.
MATERIALS AND METHODS
Virus, cells, and reagents. The N20.1 cell line is a cell line clone derived from mouse primary cultures of oligodendrocytes conditionally immortalized by transformation with a temperature-sensitive mutant of the simian virus 40 large-T antigen (43) . It was kindly provided by Anthony Compadre (University of California Los Angeles School of Medicine). The N20.1 cell line represents a mature oligodendrocyte line because it expresses the myelin basic protein (MBP) and myelin proteolipid protein (PLP) but a line that is at a very early stage of maturity based on the expression of the MBP and PLP alternatively spliced mRNA population (43) . In addition, the N20.1 cell line can be recognized by the A2B5 antibody, which recognizes a surface galactolipid expressed by oligodendrocyte progenitor cells; the A007 antibody, which is specific for sulfatide and found on cells committed to the oligodendrocyte lineage as well as mature oligodendrocytes; and the anti-GC antibody, which recognizes the protein expressed specifically by mature oligodendrocytes (43) . The N20.1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)-F-12 medium with 10% fetal bovine serum (FBS) and G418 (100 g/ml) at the permissive temperature of 34°C. Cells were grown either in T25 flasks or on glass coverslips coated with poly-D-lysine. Mouse fibroblast 17Cl-1 cells (kindly provided by Susan Baker, Loyola University of Chicago) were cultured in DMEM. Mouse astrocytoma DBT cells were cultured in Eagle minimal essential medium (EMEM) and were used for virus propagation and plaque assay as described previously (21) . Either the wild-type mouse hepatitis virus A59 (MHV-A59) or recombinant MHV-A59/ green fluorescent protein (GFP) was used for infection throughout the study. MHV-A59/GFP expresses the GFP that replaced the viral nonstructural protein 4 (NS4) (kindly provided by Susan Weiss, University of Pennsylvania School of Medicine). The virus was propagated in DBT cells. The virus was semipurified from the cultured medium through a 30% (wt/vol) sucrose cushion by ultracentrifugation at 27,000 rpm at 4°C for 4 h in the SW28 rotor (Beckman Coulter). Virus pellets were resuspended in serum-free medium, and the titer was determined by plaque assay on DBT cells as described previously (21) . Purified virus was used for infection of N20.1 cells at a multiplicity of infection (MOI) of 10 throughout this study. The following antibodies were used in this study: rabbit anti-IRF-3 polyclonal antibody (catalog no. 4962), rabbit anti-phospho-IRF-3 (Ser396) monoclonal antibody (MAb) (4D4G) (catalog no. 4947), rabbit anti-NF-B p65 polyclonal antibody (catalog no. 3034), and rabbit anti-RIG-1 polyclonal antibody (catalog no. 4520) were purchased from Cell Signaling Inc. while mouse anti-␤-actin MAb (catalog no. A2228) was obtained from Sigma-Aldrich. IFN-␣ and IFN-␤ were purchased from Thermo Scientific. The NF-B p65 decoy peptide (PTD-p65-p6) and the control peptide (PTD) were purchased from Imgenex, and their stock solutions of 5 mM were prepared in distilled water and stored at Ϫ20°C. Oligonucleotide poly(I:C) was purchased from Amersham-Pharmacia, while small interfering RNAs (siRNAs) against mouse RIG-I (catalog no. sc-61481) and its control siRNA (catalog no. sc-37007), mouse MDA5 (catalog no. sc-61011), and the enhanced GFP (EGFP) siRNA (catalog no. sc-36869) were obtained from Santa Cruz Biotechnology, Inc. These oligonucleotides were transfected into N20.1 cells at 50 nM [for poly(I:C)] or at 100 nM (for siRNAs) with the Lipofectamine (Invitrogen) or Neuroporter (Fisher Scientific) reagent according to the manufacturer's instructions.
RNA isolation and conventional or real-time quantitative RT-PCR (qRT-PCR). Intracellular total RNAs were isolated from N20.1 cells using the Qiagen RNeasy Plus minikit (catalog no. 74134) according to the manufacturer's protocol and treated with RNase-free DNase I (Qiagen). The concentration of the RNA samples was determined with a spectrophotometer (model U2001; Hitachi). One nanogram of the total RNA sample was used in a reverse transcription (RT) reaction (25 l) using the iScript cDNA synthesis kit (Bio-Rad Laboratories) according to the manufacturer's instructions. The reaction was carried out in an Applied Biosystems 9800 ThermaCycler in a 96-well plate for 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C, and the reaction mixture was then held at 4°C. Real-time PCR was carried out in a 50-l reaction mixture containing 1 l RT product, 1ϫ iQ SYBR green Supermix PCR master mix, and 100 nM primers using an iCycler IQ Multicolor real-time PCR detection system (Bio-Rad). PCR was performed in a 96-well optical plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 57°for 1 min. The primer pairs used in the PCR were 5Ј-IFN-␣ (5Ј-ACA AGG CTG CCC CGA CTA C-3Ј, forward) and 3Ј-IFN-␣ (5Ј-TGG AAG ACT CCT CCC AGG TAT ATG-3Ј, reverse) for IFN-␣ and 5Ј-IFN-␤ (5Ј-GGC TTC CAT CAT GAA CAA CAG GT-3Ј, forward) and 3Ј-IFN-␤ (5Ј-AGG TGA GGT TGA TCT TTC CAT TCA-3Ј, reverse) for IFN-␤. The primer pair for ␤-actin was 5Ј-GGC TAT GCT CTC CCT CAC G-3Ј (forward) and 5Ј-CGC TCG GTC AGG ATC TTC AT-3Ј (reverse). Results were analyzed using the iCycler IQ Multicolor real-time PCR detection system (Bio-Rad Laboratories). Gene expression levels in various experimental groups were calculated after normalizing cycle thresholds (C T ) against the housekeeping gene ␤-actin and are presented as picogram values. The cycle threshold is defined as the fractional cycle number at which the fluorescence passes the fixed threshold. Relative gene expression values were determined using the 2 Ϫ⌬⌬CT method of Livak and Schmittgen (23) .
For detection of murine RIG-I mRNA, conventional RT-PCR was carried out as described previously (22) . The forward and reverse primers were 5Ј-RIG-I (5Ј-GCC AGA GTG TGA GAA TCT CAG TCA G-3Ј) and 3Ј-RIG-I (5Ј-GAG AAC ACA GTT GCC TGC TGC TCA T-3Ј), respectively. The resultant RT-PCR product is 285 bp in length. The housekeeping gene glyceraldehyde-3phosphate dehydrogenase (GAPDH) was used as an internal control in the RT-PCR with the forward primer 5Ј-CCA TGA CAA CTT TGG CAT TG-3Ј VOL. 84, 2010 INDUCTION OF IFN-␣/␤ IN OLIGODENDROCYTES BY MHV 6473 and the reverse primer 5Ј-CCT GAA GTC GCA GGA GAC AAC C-3Ј. The PCR products were analyzed by agarose gel electrophoresis. For detection of murine MDA5 mRNA, a two-step nested RT-PCR was carried out according to the manufacturer's protocol (Santa Cruz Biotechnology). Briefly, the first-step PCR was carried out in 30 cycles with a pair of outside primers and the second-step PCR was done in an additional 30 cycles with a pair of inside primers. Both primer pairs were purchased from Santa Cruz Biotechnology (catalog no. sc-61011-PR). A pair of primers specific for ␤-actin were used in the same PCR as a control for normalization.
ELISA. The enzyme-linked immunosorbent assay (ELISA) system (PBL Biomedical Laboratories) was used for detection and quantification of IFN-␣/␤ according to the manufacturer's instructions. Briefly, N20.1 cells were infected with MHV-A59/GFP at an MOI of 10. Culture supernatants were collected at various time points postinfection (p.i.) for determining the protein levels of IFN-␣/␤. ELISA was performed in 96-well plates that were precoated with an antibody specific to mouse IFN-␣ or IFN-␤. The plate was incubated with the culture supernatants and controls for 2 h at room temperature and then washed with a wash buffer five times. The mouse IFN-␣/␤ conjugate was added to each well and incubated for an additional 2 h followed by 5 washes. The substrate solution was added to each well and incubated for 30 min. The reaction was stopped by the addition of a stop solution. The plate was read with a microplate reader (BioTek Instruments, Inc.) at 450 nm, and 540 nm was used as a correction. The IFN protein concentration was obtained based on a standard curve generated by performing parallel assays using known amounts of IFN-␣ or IFN-␤ included in the kits.
UV inactivation of viruses. To inactivate the virus by UV light, purified virus was diluted to a concentration of 10 7 PFU per ml in serum-free medium. Aliquots of 1 ml were added to each well of the 6-well tissue culture plate. The plates were placed on ice at a distance of 14 cm from the UV light in a UV cross-linker (Fisher Scientific) and exposed to UV light at an energy level of 1,200 W/ms for 30 min. Viral inactivation was confirmed by titration of samples before and after UV exposure and by the absence of cytopathic effect (CPE) after inoculation of DBT cell monolayers with the UV-irradiated virus samples. Preliminary experiments indicated that a 10-min exposure to such UV light completely inactivated MHV infectivity.
Western blot analysis. For Western blot analysis, whole-cell lysates were prepared using cell lysis buffer (catalog no. 9038; Cell Signaling Inc.) according to the manufacturer's protocol. The protein concentration was measured by using the Bio-Rad protein assay kit. Equal amounts of total proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose membrane (Bio-Rad) for 7 h at 40 V in the transfer buffer. Membranes were blocked for 1 h at room temperature with 5% powdered skim milk in Tris-buffered saline (10 mM Tris-Cl [pH 7.5], 150 mM NaCl) with 0.05% Tween 20 (TBST). The membranes were incubated with a primary antibody at 4°C overnight, followed by incubation with a secondary horseradish peroxidase (HRP)-conjugated antibody for 1 h at room temperature. Blots were developed with an enhanced chemiluminescence (ECL) detection system (Amersham Pharmacia) and exposed to X-ray film (Fuji). After the membranes were incubated in stripping buffer (10 mM ␤-mercaptoethanol, 2% [wt/vol] SDS, 62.5 mM Tris, pH 6.7) at 55°C for 30 min, they were washed in TBST, blocked, and incubated with anti-␤-actin MAb (as an internal control) at room temperature for 1 h. Detection of ␤-actin was carried out following incubation with the secondary anti-mouse IgG antibody conjugated with HRP and ECL.
Immunofluorescence assay (IFA). N20.1 cells were seeded onto 12-mm-diameter coverslips coated with poly-D-lysine, and 48 h later cells were either mock infected or infected with MHV at an MOI of 10. Transfection of poly(I:C) was performed using Lipofectin transfection reagent (Invitrogen) at a concentration of 8 g/ml, according to the manufacturer's instructions. Coverslips were removed at the indicated times, fixed in 4% formaldehyde for 10 min at 25°C, washed three times in phosphate-buffered saline (PBS), and permeabilized with 0.1% Triton X-100 for 1 min at 25°C. The coverslips were then washed two times in PBST (1ϫ PBS with 0.04% Tween 20), incubated in blocking solution (5mg/ml bovine serum albumin [BSA] in PBST) for 1 h at 25°C, and incubated overnight at 4°C with primary antibody against IRF-3 (sc-9083; Santa Cruz Biotechnology) or rabbit anti-NF-B p65 monoclonal antibody (catalog no. 3035; Cell Signaling Inc.). After being washed three times with PBST, cells were incubated with secondary antibody (fluorescein isothiocyanate [FITC]-conjugated goat anti-rabbit IgG) (Sigma-Aldrich) for 1 h. Coverslips were then washed three times in PBS. Finally, the coverslips were mounted on glass slides with a mounting medium. Cells were viewed on an Olympus fluorescent microscope at ϫ40 magnification (Olympus IX70), and images were taken with a digital camera (MagnaFire).
Assay for transcription factor activity. For determining the activity of the transcription factors, nuclear extracts were isolated with a nuclear extraction kit (Active Motif), quantified by using a Quick Start Bradford protein assay kit (Bio-Rad Laboratories), and stored at Ϫ80°C for further use. The promoter binding activity of the transcription factors (IRF-3 and NF-B p65) in the nuclear extracts was determined with TransAM ELISA-based kits (Active Motif). Briefly, nuclear extracts were added to the wells of a 96-well plate with an immobilized oligonucleotide that contains the consensus binding site for the given transcription factor (IRF-3 or NF-B p65). Following incubation and extensive washes, the quantity of bound transcription factor was then determined by use of a primary antibody and a secondary antibody conjugated to horseradish peroxidase in an ELISA-based format. Wild-type and mutated consensus oligonucleotides were used for competitive binding with the transcription factors to monitor the specificity of the assay. The wild-type oligonucleotide competes for IRF-3 or NF-B p65 binding to the oligonucleotide immobilized on the plate, while the mutated oligonucleotide does not. These controls were included in each assay.
Statistical analysis. The results are expressed as means Ϯ standard deviations (SD), and the mean values were compared using the Student t test. Values of P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001 were considered statistically significant.
RESULTS

MHV replication is severely restricted in oligodendrocytes
and is sensitive to treatment with type I IFNs. During the course of studying MHV infection in oligodendrocytes, we observed that MHV replication was severely restricted. When mouse oligodendrocytic N20.1 cells were infected with MHV-A59/GFP at an MOI of 10 for 24 h, the virus titer reached approximately 5 log 10 PFU/ml. In contrast, the same virus grew to a significantly higher titer (Ϸ9 log 10 PFU/ml) in fibroblast 17Cl-1 cells for the same period of time (Fig. 1A) . The onestep growth curve of MHV-A59/GFP in N20.1 cells was further assessed. It was found that the virus titer reached the plateau of approximately 5 log 10 at 36 h p.i. and then gradually and continually declined (Fig. 1B) . This result led us to hypothesize that antiviral factors might be present or induced in oligodendrocytes, which in turn restrict viral replication. We thus tested whether type I IFNs, which are considered to be universal antiviral factors, contribute to this restriction. N20.1 cells grown in a 24-well plate were treated with either IFN-␣ or IFN-␤ for 24 h prior to and throughout the infection. Cells were infected with MHV-A59/GFP at an MOI of 10. At 24 h p.i., virus titers in the culture medium were determined. The results showed that virus titers were reduced by approximately 2 log 10 after treatment with either IFN-␣ or IFN-␤ at 200 IU and that the inhibitory effect was dose dependent (Fig. 1C ). The data also indicate that IFN-␤ is a more potent inhibitor of virus replication than is IFN-␣ (Fig. 1C) . These findings suggest that type I IFNs might be induced in oligodendrocytic N20.1 cells by MHV infection.
MHV infection induced type I interferon response in oligodendrocytes. Recent studies suggest that the antiviral innate immune response to MHV infection varies widely among different cell types (36, 37, 48, 52) . MHV induces a type I IFN response in primary macrophages and microglia but not in several fibroblast cell lines, primary hepatocytes, neurons, or astrocytes. Since oligodendrocytes are some of the major target cells for MHV infection and persistence in the central nervous system and since MHV replication is restricted and sensitive to IFN treatment in oligodendrocytes ( Fig. 1 ), we wondered whether MHV infection could induce type I IFN in oligodendrocytes. N20.1 cells were infected with MHV-A59/GFP at an MOI of 10. At various time points p.i., intracellular RNAs were isolated and the mRNAs for IFN-␣/␤ were quantified with real-time quantitative RT-PCR. As shown in Fig. 2A and B , both IFN-␣/␤ mRNAs were induced at 2 h p.i. and continued to increase throughout the 24-h period, indicating that IFN-␣/␤ transcription is activated by MHV infection. It has been shown previously that although MHV infection induced transcription of IFN-␤ in fibroblast cells, IFN-␤ protein was not detected (37) . Thus, we also determined the protein level for IFN-␣/␤ in culture medium at various times p.i. with ELISA. The results showed that both IFN-␣/␤ proteins were produced and secreted into the medium (Fig. 2C and D) . IFN-␣ protein was first detected at 4 h p.i. at approximately 400 pg/ml and reached a plateau (Ϸ800 pg/ml) at 12 h p.i. IFN-␤ protein was first detected at 6 h p.i. and rapidly reached a plateau (Ϸ1,000 pg/ml) by 8 h p.i. In contrast to the mRNAs, which continuously increased throughout the 24-h period, IFN-␣/␤ protein levels rapidly decreased thereafter and reached Ͻ400 and Ͻ200 pg/ml, respectively, at 24 h p.i. This result suggests a potential translational inhibition during the late stage of virus infection. Nevertheless, these findings clearly demonstrate that IFN-␣ and IFN-␤ are induced in oligodendrocytes by MHV infection.
Virus replication is required for IFN-␣/␤ induction. For most RNA viruses, induction of IFN-␣/␤ can be triggered at the cell surface or in the endosome by TLR-3 or in the cytoplasm by cytoplasmic RNA helicases. One way to discriminate these two pathways is to determine whether virus entry induces IFN-␣/␤ or whether virus replication (dsRNA) is required for IFN-␣/␤ induction. Thus, N20.1 cells were infected with live MHV-A59/GFP at an MOI of 10 or with UV-inactivated Fig. 3 , the amounts of both IFN-␣ and IFN-␤ were at the background level in cells infected with the UV-inactivated virus, similar to those from mock-infected controls, indicating that virus replication is absolutely required for IFN-␣/␤ induction in oligodendrocytes. This result suggests that MHV is most likely recognized by cytoplasmic RNA helicases.
Activation of the transcription factors IRF-3 and NF-B in oligodendrocytes by MHV infection. Since the initial induction of IFN-␣/␤ transcription involves activation of transcription factors IRF-3 and NF-B, their activation by MHV infection
was then assessed in N20.1 cells with three complementary approaches. Cells were infected with MHV-A59/GFP at an MOI of 10 or transfected with poly(I:C) as a positive control. Mock-infected cells were used as a negative control. At 2 and 4 h p.i., cell lysates were extracted and assayed for the phosphorylation status of IRF-3 using a phosphor-specific antibody in Western blotting. ␤-Actin was used as an internal control for protein normalization. The results show that while total IRF-3 was detected in all samples, phosphorylated IRF-3 was detected only in virus-infected or poly(I:C)-transfected cells, not in mock-infected cells, indicating that IRF-3 was activated by MHV infection (Fig. 4A and B) . It is noted that the low level of phosphorylated IRF-3 protein is most likely the result of overall IRF-3 protein levels in this type of cell (compare Fig.  4A with 4B ). We then determined the nuclear translocation of IRF-3 following virus infection or poly(I:C) transfection (Fig.  4C) . Consistent with the phosphorylation status of IRF-3, IRF-3 was translocated to the nucleus in virus-infected or poly(I:C)-transfected N20.1 cells but not in mock-infected N20.1 cells, confirming the activation of IRF-3 by MHV infection. Finally we used a commercial assay kit to determine the activity of IRF-3 in the nuclear extracts. The results show that IRF-3 activities were significantly increased in virus-infected and poly(I:C)-transfected nuclear extracts at 2, 4, and 8 h p.i. (or posttransfection [p.t.]) compared to those in mock-infected controls (P Ͻ 0.01) (Fig. 4D) . In a parallel experiment, we determined the activity of NF-B in the nuclear extracts and found that the activities of NF-B were significantly increased in virus-infected and poly(I:C)-transfected cells over those in the mock-infected controls (P Ͻ 0.01) (Fig. 4E ). These results demonstrate that both IRF-3 and NF-B are activated in oligodendrocytes by MHV infection.
RIG-I is upregulated by MHV infection.
The results from UV-inactivated virus suggest that MHV is most likely recognized by cytoplasmic RNA helicases. One of the three known cytoplasmic RNA helicases is RIG-I. Since RIG-I is also an IFN-stimulated gene (ISG) product, its expression can be upregulated by IFN-␣/␤ through the so-called positive feedback mechanism (17) . We wondered whether RIG-I is also upregulated by MHV infection in N20.1 cells. Cells were infected with MHV-A59 at an MOI of 10 or mock infected as a control. At various time points p.i. as indicated, cell lysates were isolated and RIG-I protein levels were determined by Western blot analysis. As shown in Fig. 5 , the expression of RIG-I was indeed upregulated by MHV infection, compared to mockinfected controls. The upregulation was detected beginning at 6 h p.i. and continued until the end of the experiment (12 h p.i.). This result thus establishes that RIG-I is upregulated by MHV infection in N20.1 cells.
Recognition of MHV by RIG-I is responsible for triggering IFN-␣/␤ production in oligodendrocytes.
To establish that the activation of the transcription factors and the ensuing production of IFN-␣/␤ are initiated through the recognition by RIG-I, we performed an experiment in which RIG-I mRNA was knocked down by specific siRNAs. Cells were transfected with a set of siRNAs specifically targeting the mRNA of RIG-I. At 24 h posttransfection (p.t.), the presence of RIG-I mRNA was detected by RT-PCR. It was found that RIG-I mRNA was completely knocked down when transfected with the RIG-I siRNA compared to that when transfected with a nonspecific control siRNA (CsiRNA) (Fig. 6A ). We then determined whether RIG-I is required for the activation of the transcription factor IRF-3. At 24 h following transfection with RIG-I siRNAs or control siRNAs, cells were infected with MHV. Mock-infected and mock-transfected cells were used as controls. At 8 h p.i., nuclear extracts were isolated for determining the IRF-3 activity using the commercial assay kit. Figure 6B shows that knockdown of RIG-I mRNA completely blocked the activation of IRF-3 by MHV infection. This blockage is specific for RIG-I, since transfection with nonspecific siRNAs did not inhibit IRF-3 activity induced by MHV infection. This result indicates that activation of the IRF-3 signaling pathway is mediated through RIG-I during MHV infection. To further determine whether RIG-I is responsible for the induction of IFN-␣/␤ by MHV infection, medium collected at 8 h p.i. from the same experiment was used for determining the production of IFN-␣/␤. In general agreement with the inhibitory effect on IRF-3 activity, knockdown of RIG-I drastically but incompletely blocked the production of IFN-␣/␤, while IFN-␣/␤ induction was not affected by transfection with nonspecific control siRNAs (Fig. 6C and D) . Taken together, these data demonstrate that production of IFN-␣/␤ in oligodendrocytes induced by MHV infection is largely mediated through the activation of the IRF-3 signaling pathway that is triggered by the recognition of viral RNAs by RIG-I.
Activation of the NF-B signaling pathway is not critical for the production of IFN-␣/␤ induced by MHV infection in oligodendrocytes.
Since the transcription factor NF-B is activated in oligodendrocytes by MHV infection (Fig. 4E) , we wondered whether the activation of NF-B is also mediated through RIG-I, as in the case for IRF-3. N20.1 cells were transfected with RIG-I siRNAs or nonspecific control siRNAs or mock transfected as a control. Cells were then infected with MHV-A59/GFP at an MOI of 10 or mock infected at 24 h p.t. At 8 h p.i., nuclear extracts were prepared for assaying the NF-B activity. Unlike IRF-3, NF-B activity was only partially blocked by knockdown of RIG-I, although the reduction of NF-B activity was statistically significant (P Ͻ 0.05) compared to that for cells treated with CsiRNA (Fig. 7A ). This result suggests that additional signaling pathways other than RIG-I might have contributed to the activation of NF-B in MHVinfected N20.1 cells.
We then determined whether NF-B plays a role in transcription of IFN-␣/␤. N20.1 cells were pretreated with the NF-B decoy p65 peptide inhibitor or a nonspecific control on February 4, 2015 by UNIV OF TORONTO http://jvi.asm.org/ peptide inhibitor for 12 h and then infected with MHV-A59/ GFP at an MOI of 10 or mock infected as a control. Since the 50% inhibitory concentration (IC 50 ) for the decoy p65 inhibitor can vary in different types of cells, we first determined the IC 50 in N20.1 cells even though the manufacturer's recommended concentration is 50 M. The results show that the IC 50 for the p65 inhibitor was approximately 100 M in N20.1 cells (Fig. 7B ). Thus, a higher concentration (150 M) of the p65 inhibitor was chosen in subsequent experiments to ensure effective inhibition of NF-B. We then determined the IFN-␣/␤ production at various time points p.i. as indicated and found that neither IFN-␣ nor IFN-␤ was significantly affected by the treatment with the decoy p65 peptide inhibitor ( Fig. 7C and  D) . These results demonstrate that inhibition of NF-B activation failed to block IFN-␣/␤ production, suggesting that NF-B does not play a critical role in the induction of IFN-␣/␤ in oligodendrocytes by MHV infection.
Recognition by MDA5 is also involved in MHV-induced IFN-␤ signaling in oligodendrocytes.
To determine if MDA5 can recognize MHV and mediate type I IFN induction, we initially used an antibody to MDA5 to determine its presence in virus-and mock-infected N20.1 cells by Western blot analysis. Unfortunately, no MDA5 protein was detected in virusinfected cells at various times p.i. or in mock-infected cells (data not shown). Thus, it was not clear whether MDA5 protein was absent in N20.1 cells or whether the antibody lacked reactivity. We then used RT-PCR to detect its mRNA. While the amount of MDA5 mRNA was extremely low in N20.1 cells, the nested RT-PCR using a total of 60 cycles was able to amply MDA5 mRNA in MHV-infected N20.1 cells (Fig. 8A, lanes 2 to  4) . To determine whether MDA5 plays a role in MHV-induced IFN-␤ signaling, cells were transfected with MDA5 siRNAs or EGFP siRNA as a negative control for 24 h. The effectiveness of siRNAs in knocking down MDA5 mRNA was assessed by RT-PCR. It was found that the amount of MDA5 mRNA decreased by approximately 40% compared to that following transfection with the control EGFP siRNA while the amount of ␤-actin mRNA remained unchanged (compare lane 3 with lane 2 in Fig.  8A ). Importantly, knockdown of MDA5 mRNA by its siRNAs drastically blocked the induction of IFN-␤ by MHV infection compared to that by the control EGFP siRNA (Fig. 8B) . As a positive control for this experiment, knockdown of RIG-I mRNA by siRNAs also drastically blocked IFN-␤ induction (Fig. 8B) . These results demonstrate that recognition by MDA5 is also involved in MHV-induced IFN-␤ signaling.
Type I IFN induction contributes at least in part to the restriction of MHV replication in oligodendrocytes. Results presented in Fig. 1 suggest that type I IFN may play a role in restricting MHV production in oligodendrocytes. To directly test this hypothesis, induction of IFN-␤ in oligodendrocyte N20.1 cells by virus infection was blocked by knockdown of RIG-I or MDA5 by transfection with the respective siRNAs. Transfection with siRNA to EGFP was used as a negative control. The effectiveness of gene knockdown and of IFN-␤ inhibition was assessed with RT-PCR and ELISA, respectively, as shown in Fig. 8 . The effect of IFN-␤ inhibition on infectious virus production was determined at 24 h p.i. by plaque assay. As shown in Fig. 9 , virus titer increased slightly (approximately 1 log 10 ) but consistently and statistically significantly following knockdown of RIG-I or MDA5 compared to that in the EGFP siRNA control. These results thus demonstrate that the innate antiviral IFN response to MHV infection contributes as least in part to restriction of subsequent virus production in oligodendrocytes.
DISCUSSION
In this study we have shown that MHV replication is severely restricted in oligodendrocyte N20.1 cells but is robust in fibroblast 17Cl-1 cells (Ϸ4-log 10 difference in virus titer) (Fig. 1A) . This difference cannot be explained solely by the differential susceptibility of the two types of cells, even though only up to 30% of the N20.1 cells are susceptible to MHV infection com-pared to Ͼ90% for 17Cl-1 cells (data not shown). The lower virus titer in N20.1 cells at 24 h p.i. (Fig. 1A) is not due to slower growth, since the one-step growth curve shows that the virus titer decreased after 36 h and never reached more than 5.5 log 10 during the 72 h p.i. (Fig. 1B) . Thus, this finding suggests that the N20.1 cell line may contain antiviral factors that are either present endogenously or induced by virus infection. Interestingly, several recent studies have reported on the inability of MHV to induce antiviral type I IFNs in fibroblast cells, including studies of 17Cl-1 cells and their insensitivity to treatment with type I IFNs (37, 44, 48, 52) . These findings prompted us to further examine whether the N20.1 oligodendrocyte line is unique in its type I IFN response to MHV infection. Indeed, we found that MHV infection of the N20.1 cell line induced IFN-␣/␤ (Ͼ800 pg/ml) within 12 h after infection (Fig. 2) . Furthermore, MHV replication was severely inhibited when cells were pretreated with either IFN-␣ or IFN-␤ (Fig. 1C) . These findings suggest that the type I IFN response to initial MHV infection may play a role in restricting subsequent MHV production in N20.1 cells (Fig. 1A) . In support of this hypothesis is the direct evidence from our results showing that inhibition of IFN-␤ induction by knockdown of RIG-I or MDA5 mRNA with specific siRNAs increased virus titer in N20.1 cells ( Fig. 8 and 9 ). Our findings further support the notion that different types of cells respond differently to MHV infection with respect to type I IFN induction (36) . The signaling pathways that lead to the induction of IFN-␣/␤ have been established in the current study. We show that virus particles alone are not sufficient to induce IFN-␣/␤ during cell entry ( Fig. 3 ), suggesting that recognition of virions by TLR-3 either at the plasma membrane or in the endosome does not play a role in IFN-␣/␤ induction in oligodendrocytes. Similarly, the viral genomic RNA prior to release into the cytoplasm (uncoating) is likely not recognized by TLR-3, although we have not specifically examined the activation of the TLR-3 signaling pathway during entry. Instead, virus replication is absolutely required for IFN-␣/␤ induction (Fig. 3) . This suggests that dsRNAs generated during virus replication are most likely recognized by cytoplasmic PRRs and induce IFN-␣/␤. In support of this notion is the evidence that knockdown of the cytoplasmic PRR RIG-I or MDA5 almost completely blocked the induction of IFN-␣/␤ by MHV infection (Fig. 6 and 8) . Consistent with the well-documented signaling pathway initiated by RIG-I, both downstream transcription factors, IRF-3 and NF-B, were activated in oligodendrocytes during MHV infection (Fig. 4) . Interestingly, knockdown of RIG-I by siRNAs completely blocked the activation of IRF-3 but only partially inhibited NF-B activation ( Fig. 6 and 7) . Does this finding suggest that other upstream signals that might be triggered by virus infection also partially contribute to the activation of NF-B? Recently we have shown that MHV infection in primary mouse astrocytes activates NF-B through the activation of a mitogen-activated protein kinase, Jun N-terminal protein kinase (JNK), which is also dependent on virus repli-cation (51). Thus, it is possible that MHV replication in oligodendrocytes may activate the JNK signaling pathway, which in turn activates NF-B. Further studies are necessary to determine this possibility.
Most intriguing, however, is the finding that blocking NF-B binding to the promoter of IFN-␣/␤ genes with the decoy p65 peptide inhibitor was unable to inhibit IFN-␣/␤ induction by MHV infection (Fig. 7) . This result is reminiscent of what we recently found for the regulation of tumor necrosis factor alpha (TNF-␣) in MHV-infected primary mouse astrocytes (51) . In that study, inhibition of the JNK signaling pathway blocked the activation of NF-B and the induction of TNF-␣ while inhibition of NF-B with the decoy p65 peptide did not block TNF-␣ induction (51) . Such a coincidence prompted us to reexamine whether the decoy p65 peptide was also effective at the recommended concentration of 50 M in oligodendrocyte N20.1 cells. Interestingly, we found that the decoy p65 peptide inhibitor at 50 M had little effect on NF-B activity in oligodendrocytes even though there was a clear dose-dependent inhibition (Fig. 7) . This result suggests that the inhibitory effect of the decoy peptide is specific to NF-B but that it requires a much higher concentration for an effective inhibition in oligodendrocytes. Thus, a concentration of 150 M for the decoy peptide, which almost completely blocked the activity of NF-B, was used in subsequent experiments. However, the decoy peptide even at such a high concentration did not have any significant effect on NF-B activity (Fig. 7) . Although it is well known that the p50 subunit of NF-B sometimes has an inhibitory effect on target gene transcription, to date there is no evidence indicating an inhibitory effect for the p65 subunit of NF-B (6). Since the detection kit specifically detects the p65 activity in the nuclear extracts and since the NF-B activity was inhibited specifically by the decoy p65 peptide in the controls (Fig. 7A and B) , the inability of decoy p65 peptide to block IFN-␣/␤ induction demonstrates that in the presence of an activated IRF-3 pathway, NF-B is dispensable in MHV-induced IFN-␣/␤ expression in oligodendrocytes. However, the present study does not address whether and to what extent the NF-B pathway contributes to MHV-induced IFN-␣/␤ expression in the absence of a functional IRF-3 pathway.
A recent study from Weiss's laboratory shows that MHV induces IFN-␤ in the macrophages and microglia in the brains of wild-type mice (36) . Furthermore, MHV appears to be recognized specifically by MDA5 since IFN-␤ is still induced in bone marrow-derived macrophages generated from mice lacking MyD88, RIG-I, and TLR-3 but not MDA5 (36) . Our study shows that knockdown of either RIG-I mRNA or MDA5 mRNA in N20.1 cells by the respective siRNAs significantly blocked the induction of IFN-␤ upon MHV infection (Fig. 8) , indicating that MHV can be recognized by both RIG-I and MDA5 in N20.1 cells. However, our results do not distinguish the relative roles played by RIG-I and MDA5 in sensing MHV and signaling IFN induction. Nevertheless, combined data from this study and those from the work of Roth-Cross et al. (36) clearly show that recognition of MHV by RIG-I appears critical for IFN-␤ induction in oligodendrocytes but dispensable in bone marrow-derived macrophages. The difference in recognition by different PRRs is most likely due to cell type specificity, since the same MHV cannot be recognized by either RIG-I or MDA5 in fibroblast cells (52) . Cell-type-specific involvement of RIG-I and differential recognition of RNA viruses by RIG-I and MDA5 have been previously reported (14, 15) .
Our analysis of the kinetics of IFN-␣/␤ gene expression ( Fig.  2) has identified an interesting regulatory pattern. The IFN-␣/␤ mRNAs appeared to continually increase throughout the 24-h period after virus infection. However, their protein levels peaked at 12 and 8 h p.i., respectively, and rapidly declined thereafter (Fig. 2) . This gene expression pattern suggests that the dsRNAs generated during viral replication within the first 24 h or perhaps longer can be continuously recognized by the intracellular PRRs, which induce the transcription of IFN-␣/␤, while their expression is likely inhibited at late times of virus infection at the posttranscriptional level. It is not clear why the kinetics of mRNA and protein levels at early times of virus infection are different for IFN-␣ and IFN-␤. The inhibitory effect on IFN-␣/␤ protein expression at late times of virus infection is likely exerted by secreted IFN-␣/␤ proteins themselves since IFN-␣ and IFN-␤ are well-known inducers of multiple ISGs, many of which have the ability to inhibit translation of viral and cellular capped mRNAs, such as phosphorylating eukaryotic initiation factor 2␣ (eIF-2␣) by protein kinase R (PKR) or degrading RNA by 2Ј,5Ј-oligoadenylate synthetase/ RNase L (38, 41) . The reduction of virus titer at late times of infection or the induction of one of the ISGs, RIG-I, is consistent with this interpretation (Fig. 1 and 5 ). However, it remains to be seen what ISGs are induced during MHV infection and whether they are responsible for the inhibition of IFN-␣/␤ or other cellular and viral protein expressions at late times during virus replication.
